This study is concerned with the effect of purine nucleosides and related compounds on the reduction of methemoglobin to hemoglobin in human erythrocytes in vitro. Other investigators have reported that mammalian erythrocytes can reduce methemoglobin to hemoglobin when the cells are incubated with glucose (2), lactate (3), glyceraldehyde, fructose (4), fumaric acid, malic acid (5) , mannose, galactose (6) , formaldehyde (7) and other aliphatic and aromatic aldehydes (8) . Previous studies in this and other laboratories have demonstrated that normal human erythrocytes can metabolize the pentose moiety of certain purine nucleosides to lactic acid in vitro (9, 10) . This metabolic activity is associated with enhanced resistance to osmotic stress (11, 12) , increased organic phosphate esters (11) , retention of potassium (11) and extrusion of sodium (13) , maintenance of reduced glutathione (14, 15) and some prolongation of viability of erythrocytes stored in vitro (11, 16, 17) .
In the present investigation it was observed that normal human erythrocytes in which 60 to 80 per cent of the hemoglobin was chemically oxidized in vitro could reduce a considerable portion of the methemoglobin to hemoglobin when incubated with certain purine nucleosides and sugars. This effect was associated with active metabolism of the compounds by the cells. The metabolism of these compounds and their effects on the reduction of methemoglobin in erythrocytes obtained from a patient with congenital methemoglobinemia were also studied. * 
MATERIALS AND METHODS
Whole blood was obtained from normal adults and was anticoagulated with about 1 mg. dry heparin per 10 ml. of blood. The volume of packed erythrocytes was determined by the method of Wintrobe (18) . A portion of the blood was incubated at 370 C. with occasional mixing, after the addition of 0.6 to 0.9 mg. of sodium nitrite per ml. of packed erythrocytes. The sodium nitrite was dissolved in 1 ml. of isotonic sodium chloride solution. After 40 minutes' incubation, the treated blood was centrifuged at 1,500 G for seven minutes and the erythrocytes were washed three times with about three volumes of 0.9 per cent sodium chloride solution; the final centrifugation was carried out in a Servall Refrigerated Angle Centrifuge for 10 minutes at 1,900 G and at 4°C. (SS-1 rotor). A 25 per cent suspension of the treated and washed erythrocytes in isotonic sodium chloride solution was prepared and the actual volume of packed erythrocytes was determined. This procedure resulted in the conversion of 60 to 80 per cent of the hemoglobin to methemoglobin. Four ml. portions of the erythrocyte suspension were added to 25 ml. Erlenmeyer flasks containing 2 ml. of isotonic sodium chloride-sodium phosphate buffer solution (equal volumes of 0.9 per cent sodium chloride solution and isotonic sodium phosphate buffer, pH 7.3) in which were dissolved the compounds to be studied. The pH of these final suspensions was 7.3 to 7.4. The flasks were stoppered loosely with cotton plugs and incubated at 37°C. in a Dubnoff metabolic shaker-incubator oscillating 92 cycles per minute. In experiments where hemolysates were used, 50 per cent suspensions of treated and washed erythrocytes were prepared and the erythrocytes were hemolyzed by twice freezing and thawing rapidly. Two ml. of the hemolysate was added to flasks containing 3 ml. of distilled water, 1 ml. of isotonic sodium phosphate buffer, pH 7.3, and the dissolved compounds.
At intervals during the incubation, 0.4 ml. portions of each suspension were transferred to 10 ml. of 0.0167 M phosphate buffer, pH 6.6, and the methemoglobin concentration was determined by the method of Evelyn and Malloy (f9), adapted for the Coleman Junior Spectrophotometer. The amount of methemoglobin was expressed as the per cent of the total hemoglobin pigment. The methemoglobin concentrations of the whole blood prior to treatment with sodium nitrite and of the erythrocyte suspensions or hemolysates prior to incubation were also determined. Duplicate samples assayed by this 1555 spectrophotometric method agreed within + 1.5 per cent. In a few experiments, the methemoglobin concentrations were also estimated from the difference between the total hemoglobin content, determined by comparison with a cyanmethemoglobin standard (20) , and the hemoglobin content determined by the oxygen binding capacity of the erythrocyte suspensions, determined in the laboratory of Dr. Charles W. Frank. The spectrophotometric and the gasometric methods agreed within ± 4.5 per cent. The spectrophotometric method described recently by Mills and Randall (21) was employed in some experiments to permit the calculation of both methemoglobin and choleglobin concentrations. The methemoglobin concentrations by this method and by the method of Evelyn and Malloy agreed within +2 per cent. Significant choleglobin concentrations were not detected in erythrocyte suspensions during 22 hours of incubation with the various nucleoside and carbohydrate substrates and only 1.8 per cent was present in a suspension incubated with ascorbic acid.
Penicillin G and streptomycin sulfate, 1 mg. of each, were added to the incubation flasks in most of the experiments detailed in this paper. Even after 22 hours of incubation there was no bacterial contamination as evidenced by the absence of growth when aliquots of the suspensions were cultured on blood agar and in infusion broth. Identical results in the reduction of methemoglobin to hemoglobin were observed, however, in experiments performed with and without added antibiotics.
Lactic acid determinations were performed by the method of Barker and Summerson (22) on clear filtrates of perchloric acid extracts prepared by adding one volume of each erythrocyte suspension to six volumes of cold 2 per cent perchloric acid after the suspensions had been incubated for six hours.
Determinations of the pH of the erythrocyte suspensions after 22 hours of incubation were made with a Beckman Model G glass electrode pH meter. The pH of the control suspensions ranged from 7.2 to 7.5, but the pH of the suspensions incubated with the various compounds did not differ from that of the control by more than ± 0.1 pH unit. These changes in the pH could not be correlated with the effect of the compounds on the reduction of methemoglobin to hemoglobin.
The degree of spontaneous hemolysis that occurred during incubation was determined by adding 0.2 ml. aliquots of each suspension to 2 ml. of isotonic sodium chloride solution and 2 ml. of distilled water. The amount of hemoglobin was determined, after centrifugation and dilution of 1 ml. of the supernatant solution with 4 ml. of distilled water, by measuring the optical density at 540 mgu in a Beckman DU spectrophotometer. The per cent spontaneous hemolysis was then calculated by relating the optical density of the isotonic sodium chloride solution sample to the distilled water sample whose hemolysis was taken as 100 per cent. Spontaneous hemolysis, even after 22 hours of incubation, did not exceed 4 per cent.
Most of the compounds used in these experiments were Except for these findings, physical examination was entirely normal with a normal intrauterine pregnancy. The hemoglobin concentration was 11.6 Gm. per cent, the hematocrit 40 per cent and the erythrocytes appeared slightly hypochromic on the stained blood smear. The reticulocyte count ranged from 0.8 to 1.5 per cent. The white blood cell count, differential count, urine analysis, serology, roentgenogram of the chest and liver chemistries were within normal limits. Spectrophotometric examination of hemolysates prepared from whole blood and from washed erythrocytes obtained from a sample of the patient's blood revealed the absorption spectrum of methemoglobin as characterized by a peak at 630 mAu that disappeared on the addition of sodium cyanide. On repeated examinations the concentration of methemoglobin ranged between 23 and 26 per cent, but on one occasion was 31 per cent. One hour after the intravenous administration of methylene blue, 1 mg. per Kg., the patient's mucous membranes were of a normal pink color and the concentration of methemoglobin was 1 per cent. The methemoglobin concentration was maintained at a level of 9 to 13 per cent by the daily oral administration of 500 mg. of ascorbic acid and was accompanied by relief of her symptoms. That the abnormal hemoglobin in the erythrocytes of this patient was actually normal methemoglobin and not hemoglobin M was further established by spectrophotometric analysis of a hemolysate treated with potassium ferricyanide hemoglobin at a much greater rate than occurred in the control erythrocyte suspension incubated without substrate. After six hours of incubation, almost identical amounts of lactic acid were present in the perchloric acid extracts of the erythrocyte suspensions incubated with adenosine, inosine and deoxyinosine, while perhaps slightly more was found in the suspension incubated with glucose. Although about 30 per cent less lactic acid had been formed after six hours of incubation with deoxyribose, the effect on methemoglobin conversion was only slightly less than that of the purine nucleosides and glucose. The extent of reduction of methemoglobin by deoxyribose was indistinguishable from that of the purine nucleosides and glucose after 22 hours. Incubation with ribose resulted in slower reduction of methemoglobin to hemoglobin than did incubation with the other compounds, and after six hours only about one quarter as much lactic acid was present as in the suspensions incubated with the purine nucleosides and glucose. L ( + ) -sodium lactate, 20 MLMoles per ml. of erythrocytes, affected the reduction of methemoglobin at about the same rate as deoxyribose, 10/lMoles per ml. After 22 hours, however, the effect of lactate was essentially the same as that of the purine nucleosides and sugars. About 30 per cent of the lactate added had disappeared from the total erythrocyte suspension after six hours of incubation. Although initially ascorbic acid had almost the same effect as the various purine nucleosides, glucose, deoxyribose and lactate, this compound was the least effective after 22 hours of incubation. From the data presented in Table II it is apparent that incubation with guanosine, 2,6-diaminopurine riboside, xanthosine, deoxyadenosine and deoxyguanosine also had a marked effect on the reduction of methemoglobin to hemoglobin. In every instance, after 22 hours of incubation, the effect of the purine deoxyriboside was slightly greater than the effect of the corresponding purine riboside. The reason for this observed difference in effect is obscure. Although incubation with fructose and galactose promoted the reduction of methemoglobin to hemoglobin, these hexoses were less effective than an equimolar amount of glucose. A significant effect from incubation with fumaric acid could be demonstrated only when this compound was present in twice the molar concentration of the other sugars. These experiments demonstrated that the compounds effective in promoting the reduction of methemoglobin to hemoglobin included purine ribosides (adenosine, guanosine, inosine, 2,6-diaminopurine riboside and xanthosine), purine deoxyribosides (deoxyadenosine, deoxyguanosine and deoxyinosine), hexoses (glucose, galactose and fructose), pentoses (ribose and deoxyribose), fumaric acid, L (+)-sodium lactate and ascorbic acid. Although the precise mechanisms by which methemoglobin in intact erythrocytes is reduced to hemoglobin are still unknown, there is considerable evidence that one or more enzyme systems are involved. The normal process of methemoglobin reduction is dependent upon the integrity of the erythrocyte (2, 24) , is associated with carbohydrate metabolism (4, 25) and requires the regeneration of reduced pyridine nucleotides (4, 26) . Recently, partial purification, identification and characterization of an enzyme from human erythrocytes whose existence was implied by the investigations of Warburg and Christian (24) and which was named methemoglobin reductase (Himiglobinreduktase) by Kiese (4) have been reported (27) (28) (29) (30) . It was postulated (28, 30) that this enzyme has two prosthetic groups: 1) an unknown carrier, perhaps ionic iron, which is detached upon hemolysis and purification and that can be substituted for by methylene blue or other autoxidizable dyes, and 2) a tightly bound iron porphyrin moiety. This enzyme requires reduced triphosphopyridine nucleotide (TPNH), but it can also utilize reduced diphosphopyridine nucleotide (DPNH) at a slower rate. There may exist, however, in normal human erythrocytes two separate reductases, one dependent upon TPNH and the other dependent upon DPNH (4, 31, 32) . It has been suggested that the system that utilizes DPNH is the one that reduces methemoglobin to hemoglobin in normal human erythrocytes in the absence of methylene blue (32) .
Metabolic pathways for the regeneration of either of the two reduced pyridine nucleotides are present within normal human erythrocytes. For example, reduction of triphosphopyridine nucleotide (TPN) to TPNH can occur via the hexose-monophosphate shunt upon metabolism of glucose-6-phosphate to 6-phosphogluconate and 6-phosphogluconic acid to ribulose-5-phosphate. Reduction of diphosphopyridine nucleotide (DPN) to DPNH can occur by way of the Embden-Meyerhof pathway upon the oxidation of glyceraldehyde-3-phosphate to 1,3-diphosphoglycerate and by the oxidation of lactate to pyruvate.
The results of the experiments described here may be explained by the metabolism of the ribose or deoxyribose portion of the purine nucleosides by way of the hexose-monophosphate shunt and the Embden-Meyerhof pathways with the regeneration of reduced pyridine nucleotides. Phosphorolytic cleavage of inosine or guanosine by erythrocyte purine nucleoside phosphorylase (33) (34) (35) results in the formation of ribose-1-phosphate that can be isomerized to ribose-5-phosphate. This latter compound can enter the hexose-monophosphate shunt with the formation of hexose phosphate and triose phosphate (36) which may be metabolized further by way of the Embden-Meyerhof pathway. Adenosine is deaminated to inosine by an active erythrocyte adenosine deaminase (37) , but the reactions involved in the utilization of 2,6-diaminopurine riboside and xanthosine are not yet known. Since erythrocyte purine nucleoside phosphorylase can apparently also cleave deoxyinosine (33) , deoxyribose from the deoxyribosides could also enter a metabolic pathway the details of which have not been elucidated in the erythrocyte. The observation that ribose and deoxyribose were effective in promoting the reduction of methemoglobin to hemoglobin and that lactic acid accumulated when erythrocytes were incubated with these pentoses is of some interest. Other investigators have stated that ribose is not metabolized by erythrocytes in vitro (38) , although increased oxygen uptake by rabbit erythrocytes incubated with ribose, arabinose and xylose plus methylene blue has been reported (39) . The pathways by which ribose and deoxyribose are metabolized are unknown, but they might involve phosphorylation and entry into the hexose-monophosphate shunt and Embden-Meyerhof pathway. Glucose, fructose and galactose are metabolized by these pathways with the regeneration of reduced pyridine nucleotides. Fumaric acid may be metabolized to malic acid by fumarase and the latter can be oxidized to oxaloacetate by malic acid dehydrogenase with the reduction of DPN to DPNH. These two enzymes of the tricarboxylic acid cycle are known to be present in mature mammalian erythrocytes (38) . Since the metabolism of these various substrates can lead to the regeneration of DPNH, the reported observations are consistent with the concept that the DPNH-dependent mechanism is the one that normally reduces methemoglobin to hemoglobin in normal human erythrocytes. Differences in the effectiveness of these various compounds may reflect differences in the permeability of the erythrocyte or differences in the rates at which the metabolic reactions proceed within the cell.
\Vhen a hemolysate of normal human erythrocytes rather than intact erythrocytes was incubated with some of the effective compounds, only ascorbic acid had an effect on the concentration of methemoglobin after three hours of incubation (Table III) . It should be noted that no attempt was made to inhibit the destruction of pyridine nucleotides that is known to occur when animal tissues are disrupted (40) . The observation that incubation with ascorbic acid leads to the reduc- tion of methemoglobin in a hemolysate, as well as in intact erythrocytes, is compatible with the belief that ascorbic acid acts directly on methemoglobin (41) . This experiment with a hemolysate confirms the importance of an intact erythrocyte for methemoglobin reduction in the absence of methylene blue or other autoxidizable dyes. In addition, it demonstrates that the compounds effective with intact erythrocytes did not exert their effect by reducing methemoglobin to hemoglobin directly.
The effect of methylene blue on the reduction of methemoglobin may be due to the ability of this dye to serve in an electron transport system (2) . It may, however, also be due, in part, to the activation or stimulation of the hexose-monophosphate shunt pathway (4, 42, 43) . The incubation of normal human erythrocytes containing methemoglobin with glucose, inosine or deoxyinosine plus methylene blue resulted in marked acceleration in the reduction of methemoglobin to hemoglobin (Table IV , Part A). The failure of methylene blue to enhance greatly the effect of ribose and deoxyribose is not readily explained. It is conceivable that the permeability of the erythrocyte to ribose is so limited that no acceleration from addition of methylene blue could be demonstrated. If deoxyribose is metabolized by way of the Embden-Meyerhof pathway, only a limited increase in the rate of methemoglobin reduction would be expected since the methemoglobin reduction system that utilizes DPNH is not enhanced markedly by this dye (4, 32, 42) . t Concentration of methylene blue was 0.12 jAMoles per ml. of erythrocytes.
;T R. JAFFE This latter effect was also shown by the minimal increase in the effect of L (+ )-sodium lactate when methylene blue was added to the erythrocyte suspension.
The specificity of the effect on the reduction of methemoglobin to hemoglobin is demonstrated by those compounds that did not increase the rate of reduction of methemoglobin above that observed in the control suspensions (Table V) . Compounds closely related in structure to the effective purine nucleosides were ineffective. Incubation with purine riboside, adenosine-1-N-oxide, adenine glucoside, dimethyl-adenosine, aminonucleoside and Puromycin Hydrochloride®, as well as with the purine, adenine, did not result in either enhanced reduction of methemoglobin to hemoglobin or in the production of lactic acid. A slight effect on methemoglobin reduction was observed with aminoadenosine (Table II) and about 13 per cent as much lactic acid was present after six hours of incubation as with an equimolar amount of adenosine. It remains to be determined if this finding represented true metabolism of the amino-adenosine or if there occurred a small amount of nonenzymatic hydrolysis of the compound with the formation of adenosine. When the purine portion of the effective compounds was replaced by another group, there was no effect on the reduction of methemoglobin and no lactic acid production was observed (10) . The pyrimidine ribosides (cytidine and uridine) and the pyrimidine deoxy-ribQsides (deoxycytidine, deoxyuridine and thymidine) were ineffective. The nucleotides of adenosine (adenosine-5'-phosphate, adenosine diphosphate, adenosine triphosphate and adenosine-5'-phosphoramide) were also without effect on methemoglobin reduction. Incubation with a disaccharide (sucrose), sodium pyruvate, aminoribose and the optical isomer of the natural form of sodium lactate, i.e., D (-)-sodium lactate, did not result in increased reduction of methemoglobin to hemoglobin. Several phosphorylated intermediates of carbohydrate metabolism (glucose-6-phosphate, fructose-i,6-diphosphate, ribose-5-phosphate and 2,3-diphosphoglycerate) were ineffective, probably as a result of the impermeability of the erythrocyte to phosphorylated sugars. Compounds unrelated in structure to the purine nucleosides were studied and were ineffective. These compounds included aspartic acid, sodium thiosulfate, glucuronic acid and glucuronolactone.
Although it has been reported that reduced glutathione and cysteine will reduce methemoglobin in hemolysates (44) , these compounds were ineffective in the intact erythrocyte system used in these studies.
Erythrocytes of congenital methemoglobinemia Data from an experiment performed with the erythrocytes from the patient with congenital methemoglobinemia are presented in Figure 2 and Table I , Column B. It is apparent that incubating these erythrocytes with the purine nucleosides and sugars that promoted methemoglobin reduction in normal human erythrocytes did not result in significant reduction of methemoglobin to hemoglobin. Incubation with ascorbic acid, which is thought to act directly on methemoglobin (41) , did lead to a decrease in the methemoglobin concentration. The quantity of lactic acid present after six hours of incubation was comparable to that observed with normal erythrocytes, except that perhaps slightly more lactate was produced from glucose. The significance of this apparent increased glucose utilization remains to be investigated. The data on lactic acid production con- HOURS AT 37"C. 22 
FIG. 2. EFFECT OF INCUBATION WITH VARIOUS COM-POUNDS ON THE REDUCTION OF METHEMOGLOBIN IN THE ERYTHROCYTES OF CONGENITAL METHEMOGLOBINEMIA
firm the observation that the erythrocytes of congenital methemoglobinemia can metabolize glucose (45) and they also demonstrate that these cells can metabolize ribose, deoxyribose and the pentose moiety of certain purine nucleosides.
The nature of the defect in the erythrocytes of congenital methemoglobinemia is unknown, but may involve the absence of an unknown electron carrier system between reduced pyridine nucleotides and methemoglobin (30, 42, 46) . That the deficiency can be corrected by methylene blue has been reported by a number of investigators (32, 45, 47) and is further supported by the data in Table IV , Part B. The concentration of methemoglobin in the erythrocytes from the patient with congenital methemoglobinemia was increased by incubating the cells with sodium nitrite. Incubation of these treated erythrocytes with glucose or inosine plus methylene blue resulted in the reduction of methemoglobin to an extent equal to that observed in normal erythrocytes. Only a slight effect from L (+)-sodium lactate and methylene blue was noted. Since the pathways by which nucleosides and sugars are metabolized in the congenital methemoglobinemia erythrocytes would appear to be normal, it may be that methylene blue serves in a substitute electron transport sys-1561 80F tem between reduced pyridine nucleotides and methemoglobin in these cells (4, 42) .
SUMMARY AND CONCLUSIONS
The incubation of normal human erythrocytes that contained 60 to 80 per cent methemoglobin with the purine nucleosides that were actively metabolized to lactic acid resulted in the reduction of a considerable portion of the methemoglobin to hemoglobin. The effective nucleosides included adenosine, guanosine, inosine, 2,6-diaminopurine riboside, xanthosine, deoxyadenosine, deoxyguanosine and deoxyinosine, and a slight effect was observed with aminoadenosine. The pentoses, ribose and deoxyribose, were also able to enhance the reduction of methemoglobin. In addition, the ability of glucose, galactose, fructose,-fumaric acid and L (+)-sodium lactate to promote methemoglobin reduction was confirmed.
The erythrocytes from a patient with congenital methemoglobinemia were unable to reduce methemoglobin to hemoglobin when incubated with the nucleosides and sugars that promoted the reduction of methemoglobin in normal erythrocytes, despite the ability of the congenital methemoglobinemia erythrocytes to. produce comparable amounts of lactic acid. These observations are consistent with the concept that the defect in congenital methemoglobinemia lies in a failure in electron transport to methemoglobin.
Incubation with ascorbic acid resulted in the reduction of methemoglobin in normal erythrocytes and in hemolysates, as well as in the erythrocytes of congenital methemoglobinemia.
The addition of methylene blue to normal erythrocyte suspensions containing added glucose or purine nucleosideg accelerated the rate of reduction of methemoglobin and permitted the erythrocytes of congenital methemoglobinemia to reduce methemoglobin in a normal manner.
The studies presented here suggest that compounds that can be metabolized by human erythrocytes by pathways that can lead to the reduction of pyridine nucleotides will promote the reduction of methemoglobin to hemoglobin, provided the necessary electron transport mechanism is intact.
